Abstract: Bulk metallic glasses (BMGs) deform irreversibly through shear banding manifested as serrated-flow behavior during compressive tests. The strain-rate-dependent plasticity under uniaxial compression at the strain rates of 2 × 10 in a Pd-based BMG is investigated. The serrated flow behavior is not observed in the stress-strain curve at the strain rate of 2 × 10 −2 · s −1 . However, the medial state occurs at the strain rates of 2 × 10 −3 · s −1 , and eventually the self-organized critical (SOC) behavior appears at the strain rate of 2 × 10 −4 · s −1 . The distribution of the elastic energy density shows a power-law distribution with the power-law exponent of −2.76, suggesting that the SOC behavior appears. In addition, the cumulative probability is well approximated by a power-law distribution function with the power-law exponent of 0.22 at the strain rate of 2 × 10 −4 · s 
in a Pd-based BMG is investigated. The serrated flow behavior is not observed in the stress-strain curve at the strain rate of 2 × 10 −2 · s −1 . However, the medial state occurs at the strain rates of 2 × 10 −3 · s −1 , and eventually the self-organized critical (SOC) behavior appears at the strain rate of 2 × 10 −4 · s −1 . The distribution of the elastic energy density shows a power-law distribution with the power-law exponent of −2.76, suggesting that the SOC behavior appears. In addition, the cumulative probability is well approximated by a power-law distribution function with the power-law exponent of 0.22 at the strain rate of 2 × 10 −4 · s −1 . The values of the goodness of fit are 0.95 and 0.99 at the strain rates of 2 × 10 −3 and 2 × 10 −4 · s −1 , respectively. The transition of the dynamic serrated flows of BMGs is from non-serrated flow to an intermediate state and finally to the SOC state with decreasing the strain rates.
Introduction
Bulk metallic glasses (BMGs) have attracted significant scientific and technological attention, since they exhibit extraordinarily high strengths about two times or even higher than that of their crystalline counterparts at ambient temperature, due to the absence of dislocations [1, 2] . However, their use as structural materials is severely limited because of their poor ductility and catastrophic failure at room temperature arising from the shear localization [3, 4] . Lack of long-range atomic order, the underlying deformation mechanisms of BMGs are completely different from the crystalline alloys. Several theoretical models including the free volume [5] , shear-transformation zone (STZ) theory [6] , and cooperative shear model (CSM) [7] have been proposed, providing a comprehensive description to the plasticity of BMGs. Despite the success of these theories in revealing the fundamental flow process, demonstrating the macroscopic plastic deformation behavior with these microscopic theories still keeps some challenges in BMGs.
The discontinuous yielding in crystalline alloys is well known to exhibit temporal fluctuations during plastic deformation on the stress-strain curves [8] . These fluctuations are accompanied by the spatial localization of dislocations into narrow bands [9] , which are called the Portevin-Le Chatelier (PLC) effect [10] . The physical origin of the intermittent flows is attributed to the collective movement of dislocations [11] . The plastic deformation is a complex inhomogeneous process in the crystalline solids, and the dislocation motions are characterized by scale-free and intermittent avalanches [12] , which are reminiscent of the concept of self-organized critical behavior (SOC) [13] . The SOC behavior is characterized by the continuous propagation of deformation bands near the upper strain rate boundary of plastic instability [14] . Although dislocation-mediated deformation mechanisms are absent in BMGs, the serrated flow phenomenon has been widely observed in compressive tests [15] [16] [17] , which is associated with shear-band formation and propagation [18] . Wang et al. [19] suggested that the artificial external disturbance of plastic instability to enhance SOC behavior can effectively improve the ductility of BMGs. Sun et al. [20] showed that the plastic deformation of ductile BMGs can evolve into a SOC state characterized by the power-law distribution of shear avalanches. Ren et al. [14] found that the plastic dynamics of BMGs transition from a chaotic state to the SOC state are correlated with increasing strain rates and decreasing temperatures. In order to explore the serration dynamics in a Pd-based BMG, the amplitudes of serrations, compressive plasticity, as well as the SOC behavior of Pd75Si15Ag3Cu7 BMGs at different strain rates during serrated flows are investigated by statistical dynamical analysis.
Experimental Procedures
Alloy ingots with a nominal composition of Pd75Si15Ag3Cu7 [21] were prepared by arc-melting a mixture of pure metals (weight purity ≥ 99.9%) in a Ti-gettered argon atmosphere. To ensure the compositional homogeneity, each ingot was remelted at least four times. Rod-shaped samples with a diameter of 2 mm and a length of about 60 mm were prepared by suction casting into a water-cooled copper mold. Compressive testing specimens about 4 mm long were cut from the rod-like samples by a diamond saw with the cooling water, and then, carefully polished with an aspect ratio (height:diameter) of 2:1 to an accuracy of 5 μm. The uniaxial-compressive tests were conducted at the strain rates of 2 × 10 −2 , 2 × 10 −3 , and 2 × 10 −4 · s −1 at 298 K (room temperature) on the cylindrical specimens using a MTS 809 materials-testing machine (Meitesi Industry System, Minneapolis, MN, USA). The fracture surface of the specimens was observed using the scanning-electron microscopy (SEM, Tescan, Brno, Czech) to identify fracture mechanisms.
Results and Discussion
The Pd75Si15Ag3Cu7 BMG exhibits only one major exothermic event, indicating that this alloy is located near a Pd-Si-Ag-Cu eutectic point, which means that the high glass formation ability occurs and the critical diameter is 10 mm [21] . Meanwhile, this Pd-based BMG possesses good mechanical properties, including the compressive yielding strength of 1608 MPa, Yong's modulus of 100 GPa, and plastic strain of 4.4% [21] , as displayed in Figure 1 . The compressive engineering stress-strain curves of the Pd75Si15Ag3Cu7 BMGs exhibit serrated flow behavior after yielding at different strain rates of 2 × 10 −2 , 2 × 10 −3 , and 2 × 10 −4 · s −1 at ambient temperature, which are shown in Figure 1a . The yielding point is regarded as that when the first serration appears on the stress-strain curve [22] . It is obvious that the yielding strengths are almost the same value of 1650 MPa, and the compressive plasticity keeps similar values about ~6% at different strain rates. The repeating cycles of a sudden stress drop are followed by reloading elastically, which accord with the previous results [23] [24] [25] . In order to eliminate the machine vibration error, any serration event with a stress fluctuation less than 5 MPa in jerky flows is excluded in the present statistical analysis. When the strain rate is 2 × 10 −2 · s −1 , the number of the serrations is 9, and most of the amplitudes of these serrations are lower than 5 MPa, as displayed in the inset of Figure 1a . These small serrations are induced by a vibration resulting from the motion of the cross-heads in the machine [19, 23] . In this case, although the serrations occur on the stress-strain curve, it is treated as non-serrated-flow behavior at the strain rate of 2 × 10 −2 · s −1 , which is not discussed in the current research. In contrast, it is clear that the serrated-flow phenomena are evident on the stress-strain curves at the strain rates of 2 × 10 −3 and 2 × 10 . Based on the transformation between the strain energy and heat, Qiao et al. [26] have proposed a model to predict the amplitudes of the serration events by
, where lv is the thickness of the shearing layer, E is the Young modulus of the BMG, ρ is the density, cp is the heat capacity, Tg is the glass-transition temperature, Tr is the room temperature with a value of about 298 K, a is the aspect ratio (a = H/D), D is the diameter, and θ is the shear angle. The predicted maximum value of the amplitude of serration is 69 MPa, and the average amplitudes of serrated flows are 28 and 22 MPa at the strain rates of 2 × 10 −3 and 2 × 10 −4 · s −1 in this study, respectively, which is in the same order of magnitude. Many shear bands can be captured and the formation of micro-cracks occurs through multi-step shearing by energy dissipation of shear banding [23] , as exhibited by the arrows. In Figure 2b , profuse shear bands can be found on the surface and the shear bands display an intensive arrangement. Some secondary shear bands propagate along different directions. It is suggested that shear banding is the main mechanism dominating the dynamics of serrated flows. It is well known that the jerky-flow behavior is actually a process of the strain energy accumulation and energy dissipation [19] . The elastic energy is accumulated during the stress rising, and a stress drop can be constructed to characterize the elastic energy during the relaxation process in each serration [15] .
Recently, the SOC behavior exhibits in serrated flow with the variation of the elastic energy during the plastic deformation [14] . The SOC behavior is a self-similar or scale-free pattern [19] , i.e., the structures on one scale is almost the same with structures on the other scales. The transition of the plastic dynamics of the BMGs from a chaotic state finally to the SOC state is shown to correlate with different strain rates and temperatures [14] . To further investigate the SOC behavior of the serrated flows, the distribution of shear-avalanche sizes reflecting the shear avalanche in BMGs is discussed [27] . However, the shear avalanche size cannot be measured directly. In this case, the elastic energy density is selected to characterize the shear-avalanche sizes instead.
The strain-energy density of one serration event (∆δ) is
where ∆σ and ∆ε are the elastic stress and strain in one serration event [28] , as shown in Figure 1b . A normalization of the elastic energy density is applied to eliminate the statistical error, since the plastic strain causes a drift of the elastic energy density values [23] . The plots of the elastic energy density versus the strain are obtained at the strain rates of 2 × 10 −3 and 2 × 10 −4 · s −1 with a baseline, f(ε), through the linear-regression fitting, as shown in Figure 3a ,c, respectively. The elastic energy density is linearly related with the variable quantity of the stress and strain. In Figure 3a , it is evident that the distribution of the elastic energy density is inhomogeneous, i.e., the values of elastic energy density distribute with values lower than 7000 J/m 3 and higher than 10,000 J/m 3 at the strain rate of Figure 3c . Actually, it is interesting that many small amplitudes of serrations dominate at the strain rate of 2 × 10 −4 · s −1 . Once reaching the energy-accumulation limitation of some smaller amplitude serrations during the plastic deformation, the stored energy will be released quickly. Precisely owing to these small serrations, the amount of the low elastic energy density is larger than the other one, and the average amplitude of serrations is a little lower at different strain rates. For sake of investigating the distribution of the normalized elastic energy density, a new non-dimensional variable S = ∆δ/f(ε) is defined. The f(ε) is a fitting function based on the strain (ε), which means the elastic energy density as well. If given a strain value, it is obtained a function value of elastic energy density by the fitting function f(ε). Figure 3b ,d are frequency distribution histograms, which display the N(s) versus S, where N(s) is the number of S. The stress drop generates shear bands, following a fractal structure [29] , characteristic of a power-law relation, which indicates that shear banding may self-organize to a critical state, i.e., the SOC behavior occurs [20, 28] . From Figure 3b , it is obvious that the number of S reveals an increasing and then decreasing trends, which is similar to a normal distribution. The distribution of the elastic energy density is disordered, and the chaotic state appears in the serrated flows during the plastic deformation. In contrast, compared with Figure 3b , a clearly monotonical decreasing distribution is presented in Figure 3d , which is analogous to a power-law distribution. Moreover, the maximum value of S is 5.0, which is associated with the low values of the elastic energy density at lower strain, as shown in Figure 3c . Take the logarithm of S and N(s), as displayed in the inset of Figure 3d . It is quite distinct that these scatters reveal a linear relation. In other words, the distribution of the elastic energy density exhibits a power-law distribution with the power-law exponent, α, of −2.76, suggesting that the SOC behavior appears during serrated flows at the strain rate of 2 × 10 −4 ·s −1 . To further characterize the SOC behavior during serrated flows, the distribution of the cumulative probability of the elastic-energy density is investigated. The cumulative probability is the percentage of the number of serration events with the elastic energy density being larger than an elastic energy density, P (≥∆δ). The SOC behavior is in accordance with a power-law distribution function accompanied with a squared exponential decay function [19] :
where A is a normalization constant, β is a scaling exponent, and δC the cut-off elastic energy density, which corresponds to the characteristic shearing size of the BMGs. The distributions of the cumulative probability of the elastic energy density at the strain rates of 2 × 10 −3 and 2 × 10 −4 · s −1 are shown in Figure 4a ,b, respectively. The larger elastic energy densities do not follow a power-law distribution, and decrease exponentially in probability [19] . It is quite evident that a perfect power-law distribution appears at the strain rate of 2 × 10 −4 · s −1 in Figure 4b , and the goodness of fit reaches 0.99. A general trend of power-law distribution with a goodness of fit of 0.95 is displayed in Figure 4a . is found that the structure disorder and the presence of defects cause the critical stresses at which slips initiate or stop to vary throughout the specimen and the extent of the power-law scaling regime is limited by the occurrence of large slip events [30] . Therefore, a power-law relation with an exponent of about 0.22 is obtained, which is manifested as the SOC behavior. The SOC state is a critical state at some strain rate and the characteristic value of the strain rate may be different due to composition or experiment condition, etc. For different compositions, the amplitudes of serrated flows, the stored energy in each serration are different, which lead to the changing of power-law distribution in statistical analysis. Therefore, the SOC state occurs with decreasing strain rates in current study. In other words, the transition of the plastic dynamics of the BMGs is from non-serrated flow to an intermediate state and finally to the SOC state with decreasing the strain rates. 
Conclusions
In summary, the statistical analysis of the distribution of the elastic energy density is very important to understand the serrated-flow behavior in BMGs. The yielding strengths of the Pd-based BMGs are almost the same values of 1650 MPa, and the compressive plasticities keep similar values about ~6% at different strain rates. The SOC behavior is observed at the strain rate of 2 × 10 −4 · s −1 during serrated flows. All the serrations with different strain rates are counted, and different dynamic statistical analyses are carried out. The serrated-flow behavior is not observed on the stress-strain curve at the strain rate of 2 × 10 −2 · s −1 . However, the medial state occurs at the strain rates of 2 × 10 −3 ·s −1 , and eventually the SOC behavior appears at the strain rate of 2 × 10 −4 ·s −1 . The distribution of the elastic energy density shows a power-law distribution with the power-law exponent of −2.76, suggesting that the SOC behavior appears, while the other distribution dose not exhibit a power-law distribution. In addition, the cumulative probability distribution of the elastic energy density is studied. The cumulative probability is well approximated by a power-law distribution function with the power-law exponent of 0. 
